Within the biomedical and laboratory animal science (LAS) communities, there is an ongoing demand for training in both general and specialized surgical techniques, particularly in rodent species, which currently comprise more than 90 % of animals used in research 1 . The need for proficiency in rodent surgical methods has increased in recent years, owing to the proliferation of new knockout and transgenic rodent models, surgical models such as organ and stem cell transplantation and minimally invasive imaging technologies such as colonoscopy and laparoscopy 2, 3 . Institutional veterinarians, investigators, trainers and IACUC members, who are responsible for the welfare of research animals, must ensure that personnel who carry out surgeries are trained to do so humanely and efficiently and that they adhere to approved surgery protocols. It remains a challenge, however, to provide members of the globally dispersed animal research community with accessible, consistent training in surgical methods.
Owing to shortages in training opportunities, personnel may attempt to gain surgical proficiency on their own using self-taught methods. These individuals may have no prior veterinary or surgical training 4 and no access to expert surgical support. This type of empirical learning may limit optimal surgical performance, introduce uncontrolled variables into studies and increase animal morbidity and mortality, thereby contributing to higher experimental costs. To limit or prevent these effects, the LAS and biomedical communities must be open to new methods of delivering surgical training to animal users.
Computer-based or electronic learning (e-learning) is one approach that can facilitate widespread access to training in state-of-the-art surgical techniques. E-learning cannot replace hands-on training; rather, it serves as a complementary resource for animal users to become familiar with techniques and to increase the rate of knowledge transfer during the limited time spent with trainers. The goal of this article is to provide an overview of e-learning and to discuss its potential benefits for surgical training. In addition, we will present a few basic considerations in developing and implementing electronic courses, including specialized courses in rodent surgery.
E-LEARNING Background
The term ' e-learning ' commonly refers to a computer-or internet-based learning environment. Initially,
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computers were used in conjunction with traditional teaching within a classroom setting. As personal computers became common place in households and in academic institutions, however, stand-alone electronic courses were initiated.
In recent years, e-learning has been increasingly accepted by academic institutions 5 -8 and, more importantly, by students at all levels of their education 9, 10 . In some states, such as Michigan, laws require that students be exposed to online learning during their high school education 11 . In 1995, 33 % of public higher education institutions offered some form of online learning. This percentage increased to 44 % by 1998 (ref. 12) and to 56 % by 2001 (ref. 13) . The number of students enrolled in e-learning activities has also increased substantially each year 14, 15 4 -8 . Table 1 provides a list of resources for general information on e-learning.
Models of e-learning E-learning environments can be subdivided into three categories: supplemental, replacement and fully online models 17, 18 . The supplemental model uses e-learning as an enhancement to traditional classroom teaching 18 . The replacement model, also called the hybrid model, generally uses e-learning to replace only certain parts of a course; this can include replacement of one of the traditional classroom lectures with an online interaction outside the classroom, while carrying out all other lectures within the classroom 17 . With the fully online model, the entire course is offered online. Students do not have to attend a physical campus or training center 18 .
For rodent surgery training, the supplemental and replacement (hybrid) models are often used effectively. Within the supplemental model, for example, an instructor might video-record material that is presented during a hands-on session and make the content available on a website so that students can review it afterwards. In the replacement model, students might be introduced to material and techniques online before beginning hands-on training. This can decrease the amount of time needed for review during the training session. Students particularly benefit from this hybrid model, as they are given time to digest the background material before the training session and are then able to participate more fully in hands-on exercises 4 .
Delivery methods E-learning technology is a teaching medium, not a teaching method, and there are numerous ways of delivering material within an online environment 19 . Course success depends on the seamless delivery of high-quality materials 20, 21 . If online delivery is poor, it not only interferes with learning but also leads to student anxiety and resentment of instructors 22 . One way to reduce anxiety is to ensure that students have access to instructors and to technical support staff 23 .
Many electronic courses are delivered through synchronous communication, meaning that students and trainers interact with one another online in real time. This type of communication is generally achieved through text, audio or video conferences. Synchronous communication can enable course discussion groups to simulate a live classroom experience. One challenge with communicating through real-time text messages is that many trainers and students might not be proficient typists; this can introduce delays in a conversation and prohibit optimal group interaction. In Trainers and students can also interact asynchronously using text, audio and video communication technologies. Asynchronous communication refers to delayed, sequential communication between the faculty and students (for example, the instructor video-records a class and makes it available for download, and students then email the instructor with questions).
Online discussion boards offer a mixed option of both synchronous and asynchronous communication. Participants can interact simultaneously when more than one person is online, and one can post questions or messages when no one else is logged on. Such questions might stimulate the next topic of discussion, and the discussion board format gives participants time to reflect or to research an answer.
Whether communication is carried out synchronously or asynchronously, the availability of online discussion forums and the active engagement of the trainer and students in these discussions are imperative for the success of electronic rodent surgery courses. Animal users whose questions seem to pertain to a specific field can benefit from the perspectives of participants who have different backgrounds and research interests 4 .
BENEFITS OF E-LEARNING IN SURGICAL TRAINING Addressing the shortage of surgical training opportunities
The availability of instructors of rodent surgery, most of whom are board-certified laboratory animal veterinarians, is relatively limited 24, 25 . Within the US, few veterinarians who specialize in rodent surgery remain in academic institutions; this is probably because university positions offer lower salaries and fewer opportunities for advancement compared with industry positions 26 -28 . If the availability of specialized veterinary instructors and rodent surgical training programs does not increase to meet the exponentially growing demand, the shortage of rodent surgeons is likely to worsen in the future 29 . An additional impediment to obtaining surgical expertise is that many surgical procedures are not frequently taught as part of the general veterinary curriculum. Such procedures include commonly used techniques such as cannulation and implantation of osmotic pumps, as well as rarely used techniques such as rodent organ transplantation.
A limited selection of rodent surgical training courses is typically offered during annual specialty conferences. Rodent surgery courses are provided at the annual meetings of the Academy of Surgical Research 30 and the American Association of Laboratory Animal Science 31 -34 . In addition, institutions such as the Jackson Laboratory (Bar Harbor, ME), the International Microsurgical Training Centre (Horst, The Netherlands) and the Microsurgical Research and Training Laboratory at the Columbia University Medical Center (New York, NY) host surgical training courses.
Owing to the lack of widely available training opportunities, many surgical procedures are carried out by investigators who lack formal surgical training. This may be problematic, as even simple procedures require adherence to basic surgical principles such as aseptic technique, proper tissue handling and suturing skills. Knowledge of these principles is necessary for reducing experimental variability and promoting animal welfare.
An ideal solution for the current lack of available training would be to increase the number of training facilities and instructors; however, this requires a long-term investment of resources and can probably not be achieved in the near future. E-learning can serve as an alternative means to deliver surgical training to a wide group of LAS participants. Because e-learning is not confined by geographical borders, instructors who are proficient in specific surgeries can make their expertise available to globally dispersed students 29, 35, 36 . Furthermore, e-learning can substantially increase the reach and capacity of training, and use of a standard set of courses can help to standardize the basic principles of surgical training 4 . Table 2 provides a list of sources that supply e-learning content to the general LAS community.
Overcoming constraints of geographic location and time E-learning offers many advantages to participants who have difficulty attending courses or participating in training sessions because of geographic location or time constraints 37 . Such constraints are major limiting factors for LAS personnel who seek training in rodent surgery but cannot neglect their work responsibilities. On-demand access to electronic courses allows students, and LAS personnel in particular, to engage in training or course work at their convenience and pace, thus accommodating individual work schedules and various learning styles 36 .
Continuous access to new techniques
Online material can be easily customized and updated and can serve as a continuously accessible reference tool. This aspect is important for rodent surgical training because it allows for the inclusion of new technologies and techniques as they are developed and introduced. The availability of content such as rodent surgical training videos in online repositories and reference libraries enables LAS personnel to review material before carrying out procedures. This is of particular benefit to users who carry out specialized surgeries intermittently. Personnel who learn a surgical technique in a workshop might forget certain details if they do not use the technique for some time, and reviewing specific material online is a convenient and time-saving way to refresh their training.
Tracking participants ' progress E-learning technology can enable course developers and institutional oversight committees to track participants ' progress and completion of courses and exams. This simplifies recordkeeping, relieving instructors of much of the burden of maintaining training records for staff members as well as paper records documenting compliance. In addition, e-learning courses can provide participants with instantaneous feedback regarding their performance in practice questions and exams. If a user provides a wrong answer to a question, the e-learning program may indicate which specific training modules include the relevant material.
BASIC CONSIDERATIONS FOR IMPLEMENTING AN E-LEARNING PROGRAM Infrastructure
Institutions with excellent traditional academic programs do not necessarily develop excellent e-learning programs 38, 39 . Institutional managers must create a technological infrastructure for e-learning and train staff to develop, implement and support effective online courses. Managers may also need to hire additional instructors to provide content. Instructors who perform well in a traditional classroom might not be as successful within an online environment 36 . As a result, it is imperative that the sponsoring institution provide instructors with e-learning resources and training.
Cost considerations
The cost of implementing an e-learning program varies across institutions, as different institutions have different needs and technologies already in place. One of the most commonly underestimated costs is trainer expense, which includes the time needed to instruct trainers in e-learning as well as the time that trainers must spend on developing courses, delivering them and advising students 18 . A breakdown of course costs must take into account the following three phases: (i) planning and development, (ii) production and delivery and (iii) maintenance and evaluation. Personnel costs include instructors, management, service departments (library and computing services), administration and finance staff 40, 41 .
Until recently, no single model or formula could be applied to all institutions for estimating elearning costs 42, 43 . Now, however, two methods are commonly used to evaluate these expenses in the US: the Technology Costing Method and the Pew CoursePlanning Tool 18 . These methodologies are not based on traditional accounting but use Activity-Based Costing analysis, which evaluates the proportion of resources that each activity or task consumes 41, 44 . These cost evaluation methodologies assume that institutions will provide a multitude of online courses, as it could never be cost-effective to acquire the necessary technology and infrastructure for use in just one online course 45 .
Content delivery platforms
The technologies used for content delivery are highly heterogeneous both among and within institutions. An online course might consist of simple slide show presentations that can be downloaded from a website. Alternatively, sophisticated programs such as learning management software or course management software (CMS) enable instructors to package diverse content and make it available online. These delivery programs also enable the instructor to manage and track training over the internet. It is preferable to develop online materials using tools that comply with the shareable 47 ; however, many LAS instructors (animal use trainers and veterinary surgeons), whose intended audience includes a broad range of students (including veterinary technicians, investigators, transgenic core personnel, surgical technicians and research assistants), do not possess the technological background needed to fully take advantage of the capabilities of these programs. These instructors must therefore undergo additional training to learn to use CMS. The substantial amount of time required to operate within the evolving field of computer technology can compete with the instructor ' s need to stay current in his or her chosen field. Furthermore, instructors who are learning to use CMS must have access to appropriate technical support; otherwise, despite their best efforts, the delivery of their content may ultimately be ineffective 47, 48 .
Technical support
It is imperative to provide technical support for online learning. Because participants engaged in e-learning often access course materials during evening hours and on the weekends, support would ideally be provided through live online chat or telephone services that are available 24 hours a day, all year round 49, 50 . This level of support may be cost-prohibitive, however. Alternatively, many technical questions can be answered by providing a Frequently Asked Questions section. It is important to ensure that technical support staff members are familiar with the specific courses and software being used to present online learning 51 .
As noted above, instructors require technical support during both the course development and implementation phases. Support during the development phase helps to ensure that the course runs efficiently and may thereby reduce the level of support required during the implementation phase 52 .
Student support and services E-learning program providers must teach students how to approach online courses and provide them with continual support during the courses. The Western Cooperative for Educational Telecommunications states that the following categories of support should be made available to students as part of the e-learning package: (i) academic services, (ii) personal services, (iii) student communities suite (includes student activities), (iv) communications suite (includes capabilities for communication among students and faculty members) and (v) administrative services 52 -54 . This model applies to institutions that offer a wide variety of online services, so institutions with smaller e-learning programs might offer only a few services from this list 52 . Nevertheless, these are good guidelines to keep in mind before determining which services each program will require.
CONSIDERATIONS FOR PLANNING SPECIFIC ELECTRONIC COURSES Class size
For online courses to be effective, course instructors must be able to provide students with appropriate feedback in a timely fashion. Therefore, it is recommended that the class size should not exceed 12 -15 students for novice online trainers and 25 -35 students for more experienced instructors 15, 39 .
Technological requirements
Course providers should consider in advance which technologies are available to the expected student population and should then determine what will be required for full participation in the course. Technological requirements might include computers, internet access, a particular bandwidth, audio or video technology, printers and scanners.
For rodent surgical training programs, which often use high-resolution video and still images to demonstrate techniques, technical staff must ensure that material can be accessed by participants using multiple computer platforms simultaneously 4 .
Type of communication
Student -trainer communication is important in a traditional setting but becomes especially so in an online setting. Communication among students is also an important consideration, as peer interactions have an important role in learning 55 -58 . Therefore, the trainer must assess the following factors 49, 59, 60 : (i) how the trainer will communicate with the students (for example, discussion boards, virtual office hours or email); (ii) how the students will communicate with each other in the framework of the class (for example, by email or through discussion groups); (iii) the frequency of communication; (iv) how communication will be fostered (for example, will regular communication be required or optional?); and (v) how communication and participation will be monitored and recorded.
Course and material formats
Online course formats can be interactive or noninteractive. Within noninteractive courses, the instructor provides lectures, assignments and exams as textual content on the web. Students download and read the material, complete assignments and exams and then mail these documents to the faculty for review. Interactive courses, in contrast, provide an online platform for viewing material and for completing and submitting assignments and exams. Interactive courses often include search capabilities and enable students to skip between lectures. Online reference libraries containing searchable images and videos are also recommended, as they enable students to easily review specific subjects. Dynamic content such as animation or video clips might be embedded within an interactive course or made available through separate reference libraries 46, 61 . Video clips are crucial for rodent surgery training, because they allow techniques to be demonstrated online, and students prefer this type of dynamic content over static textual or still image representation 4 .
Quality control
Course providers should subject each course to two phases of quality control testing before making the material available to the general student population. The first ( ' alpha ' ) test phase includes unit, component and system testing. During this phase, the instructor reviews each unit or chapter of an online course to ensure that language and material being used are appropriate for the intended audience. The instructor might also gauge the length of each module to ensure that students are not overwhelmed by too much information. It is beneficial to make modules interactive, but overuse of dynamic content such as animation and video clips can distract from the main points of the modules. Therefore, an appropriate balance of different content types must be maintained. Finally, instructors must run through the normal course progression of modules to evaluate the ease of navigation and the ability to search for and access information from previous modules and from reference libraries. Any technical problems encountered should be solved before beginning the next phase of testing.
The second ( ' beta ' ) test phase is carried out by a small sample audience that provides feedback and recommendations. In order for the beta testing to faithfully reflect the needs of the intended audience, the test audience should include a heterogeneous population of students with a representative range in experience and education level. Beta testing helps to determine what computer skill level is required for completing the course. This information is essential for the course provider and should also be provided to potential students before registration 49, 59 . Beta testing also provides an opportunity for instructors who are new to the arena of e-learning to become familiar with the dynamic nature of online course development.
Specific considerations for rodent surgical training
Students acquire surgical psychomotor skills through three stages: the cognitive, the associative and the autonomous stages 62 . During the cognitive stage, the student learns the theory and concepts related to the technique. During the associative stage, the student practices each skill. In the autonomous stage, the skill becomes so familiar that the student can carry it out without thinking about it 63 . The cognitive stage can be achieved through the use of e-learning, if the online course is appropriately developed and implemented. Whereas simple presentation of textual content may be sufficient for some electronic courses 47 , for online surgical courses to effectively promote the cognitive stage of learning, they must include high-quality images, animations and videos. Such content should be accompanied by voiceovers or subtitles to ensure accessibility 4 .
By definition, the associative and autonomous stages of achieving proficiency in a surgical technique can only be achieved through hands-on training and through a good deal of practice. E-learning surgical courses can facilitate and support these subsequent stages of learning by introducing new concepts and by refreshing students ' visual memory regarding the relevant anatomy and surgical techniques.
DISCUSSION
The LAS and biomedical communities face a severe lack of rodent surgical training opportunities, despite a continuously expanding demand for surgical expertise. The obvious solution to this problem would be to increase the number of training programs and instructors. Until that occurs, however, other training delivery methodologies must be pursued. Thanks to recent technological advancements and the acceptance of computer-based learning in many educational fields 64 , e-learning is potentially a viable alternative method of training delivery. This method has already proven effective in human surgical 22, 35, 65 , medical 66, 67 and veterinary training programs ( Table 3 ). E-learning can enable a few instructors to deliver vast amounts of rodent surgical information to a growing LAS audience.
A high-quality educational experience can be achieved through e-learning if three essential components are incorporated. The first is collaborative content, or content that is developed by individuals from different institutions. The second is credibility, meaning that content is developed or at least reviewed by experts in the field. The third component is reliable system delivery, which includes easy access to material and a dependable online delivery system 68 . Self-directed and interactive e-learning can lead to higher material retention 68 and improve the educational experience 69, 70 .
E-learning cannot replace hands-on training, which is an essential component of surgical training. Rather, it can complement hands-on training by enabling participants to access background information before attending a surgical workshop. Students who have had time to process basic information online can then concentrate on the hands-on portion of the course.
This might also shorten the duration of workshops, reducing the amount of time that a participant is away from work. Through e-learning platforms, information on participants ' progress can easily be stored and tracked, and online exams can provide a measurement of students ' understanding of rodent surgical theory and basic knowledge. The full competency of trained individuals can only be assessed through hands-on sessions, however.
There are several challenges to the widespread adoption of e-learning. Initially, the inherent need for computer access may have limited the use of elearning. In recent years, however, most academic institutions have made the necessary investments to provide students with computer access. From the standpoint of the contemporary user, accessing online courses should be simple. If a person can browse the internet and use email, he or she should technically be able to participate in an online course. Furthermore, if studentinstructor interactions are facilitated by various forms of asynchronous or synchronous online communications, students are likely to be as satisfied with an e-learning course as with a traditional classroom lecture. Therefore, rather than the requirement for computer access, the main impediment to e-learning today is the additional institutional investment needed to develop effective online content. In particular, online rodent surgery courses require both LAS and technical expertise to develop and implement 4 . Gradually, however, placing animal surgery courses online is becoming an attractive, cost-effective means for institutions to ensure training compliance and to maximize the efficacy of hands-on instruction.
In summary, e-learning can be a beneficial component of training in general and of rodent surgical training in particular. Online courses are convenient to access, provide consistent content, enable trainees to track their progress and help to increase the efficiency of hands-on training methods. E-learning facilitates individual learning and allows for the development of comprehensive, standardized content that is easy to update. Although the increasing demand for surgical training may be the initial impetus for the adoption of this new technology, e-learning can also provide an effective means of teaching multiple animal biomethodologies to the animal research community. 
